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The electromagnetic dipole strength in 11Be between the bound states has been measured using low-
energy projectile Coulomb excitation at bombarding energies of 1.73 and 2.09 MeV/nucleon on a 196Pt
target. An electric dipole transition probability B(E1;1/2− → 1/2+) = 0.102(2) e2 fm2 was determined
using the semi-classical code Gosia, and a value of 0.098(4) e2 fm2 was determined using the Extended
Continuum Discretized Coupled Channels method with the quantum mechanical code FRESCO. These
extracted B(E1) values are consistent with the average value determined by a model-dependent analysis
of intermediate energy Coulomb excitation measurements and are approximately 14% lower than that
determined by a lifetime measurement. The much-improved precisions of 2% and 4% in the measured
B(E1) values between the bound states deduced using Gosia and the Extended Continuum Discretized
Coupled Channels method, respectively, compared to the previous accuracy of ∼ 10% will help in our
understanding of and better improve the realistic inter-nucleon interactions.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.Nuclei far from the line of β-stability have garnered much in-
terest because phenomena, different from those observed near sta-
bility, are known to occur. Weakly bound systems, consisting of a
tightly bound core and loosely attached valance nucleon(s), known
as halo nuclei have been observed in very light nuclei in the vicin-
ity of the drip lines and are known to have very extended wave
functions [1,2]. Although the ﬁrst halo nucleus, 6He, was discov-
ered in 1936 [3], evidence of the halo structure was not observed
until 1985 with work done by Tanihata et al. at Lawrence Berkley
National Laboratory. This group measured unusually large interac-
tion cross sections for some neutron-rich helium and lithium iso-
topes [4,5], which indicated that these nuclei had extremely large
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SCOAP3.matter radii. Since this discovery, a large body of work was gen-
erated, both experimentally and theoretically. Most of the nuclei
identiﬁed as halos exist along the neutron and proton drip lines,
but only a few have bound states. Of the handful of conﬁrmed
halo nuclei, the most studied is 11Li, which is a two neutron halo
with one bound state [4,6]. Its beta decay daughter, 11Be, is a one-
neutron halo nucleus with two bound states. The spins and parities
of the bound states in 11Be cannot be described by the traditional
shell model and the ground state of 11Be is not characterized by
a neutron in a p1/2 shell, but arises due to an intruder state from
the sd shell [7] possibly brought on by large deformation of the
beryllium core [8].
11Be is interesting experimentally not only because the pari-
ties of the ground and the ﬁrst excited states are inverted from
what is expected from the traditional shell model, but also be-
cause strong electric dipole E1 strengths have been observed
between the bound states and from the ground state to theunder the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by
E. Kwan et al. / Physics Letters B 732 (2014) 210–213 211continuum in break-up reactions. The reduced transition proba-
bility, B(E1;1/2− → 1/2+) = 0.116(12) e2 fm2 or 0.36 Weisskopf
units (W.u.), was derived from the mean lifetime of 166(15) fs de-
duced from a Doppler shift attenuation measurement (DSAM) [9].
It is the strongest known electric dipole transition between bound
states in nuclei. The typical strength of electric dipole transitions
observed range from around 10−3 to 10−6 W.u. This strength is
usually suppressed due to incoherent “interference between many
single-particle components in the transition density” [10].
The E1 strength from the ground state to the ﬁrst excited state
in 11Be was also measured in subsequent Coulomb excitation ex-
periments with accuracies of ∼ 10% at intermediate energies from
39 to 64 MeV/nucleon [11–14] and has a weighted average value
of 0.105(7) e2 fm2 [14], excluding the measurement of Ref. [11].
The analysis of the Coulomb excitation experiments at 60 and
64 MeV/nucleon [13,12] relied on a semi-classical theory based
on a ﬁrst-order perturbation theory which assumes that the ex-
citation occurs in a single-step process and does not include con-
tributions due to the continuum and higher order effects, such as
nuclear absorption and excitation. At these intermediate projectile
energies, both Rutherford scattering and relativistic effects are im-
portant. A model dependent analysis at projectile energies of 39
and 59 MeV/nucleon [14] using the Extended Coupled Discretized
Continuum Channels (XCDCC) method [15], indicated that the con-
tinuum, nuclear and higher order effects will either enhance or
suppress the excitation probability by ∼ 2–20%. The correction due
to the nuclear contributions is much larger than the values calcu-
lated by previous analyses using an eikonal model on light carbon
and beryllium targets [12,16]. By lowering the projectile energy to
well below the Coulomb barrier, these effects are expected to be
minimized.
Signiﬁcant E1 strength was also observed to the continuum of
11Be in breakup reactions at intermediate energies. This strength to
the continuum, which was observed to have an integrated value up
to Ex = 4 MeV of ∼ 1 e2 fm2 and peak at ∼ 800 keV, amounts to
about 4% of the energy-weighted E1 sum rule and exhausts 70% of
the cluster sum-rule value [17]. The B(E1) strength to the contin-
uum of 11Be has been measured to ∼ 5% accuracy [18,19,17], but
with discrepancies ∼ 15% between the reported strengths. In part,
this may be the result of contributions from the excitation of 10Be
not subtracted from the distribution. In addition, calculations of
the nuclear contribution to the dissociation of 11Be using the con-
tinuum discretized coupled-channels theory found that Coulomb-
nuclear interference effects, which can be either constructive or
destructive, cannot be ignored since it does not simply scale with
the geometric size [20]. Improvement to the precision of the B(E1)
values between the bound states and from the 1/2+ ground state
(g.s.) to the continuum is necessary to resolve the experimental
discrepancies.
New precision measurements will also provide a more stringent
test of our emerging ability to understand exotic nuclei in terms of
underlying forces among nucleons. Reproducing the correct parity
sequence of the ground and ﬁrst excited states of 11Be had proven
very diﬃcult within the ab initio No-Core Shell Model (NCSM), de-
spite the large scale of the bound-state calculations of Ref. [21].
Computations using expansions on neutron-10Be cluster states that
included four NCSM eigenstates of the 10Be nucleus [22,23], albeit
in a limited model space, were promising in that they could re-
produce the correct parity of the ground state. This demonstrated
that the proper treatment of the continuum is critical to lower
the energy of the ﬁrst 1/2+ state, which is dominated by an
S-wave neutron-10Be(g.s.) conﬁguration. A complete ab initio pic-
ture of the 11Be nucleus and E1 transitions between its states,
accurately addressing 10Be-core polarization effects and includ-
ing so-far neglected three-nucleon force (NNN) components of theFig. 1. The summed background subtracted γ spectra at incident energies of (a) 2.09
and (b) 1.73 MeV/nucleon in the lab and projectile frames, the solid and dashed
histograms, respectively.
Hamiltonian, is now within reach thanks to the recently introduced
No-Core Shell Model with Continuum (NCSMC) approach [24,25]
and the developments of Ref. [26]. A complete ab initio study of
this kind so far has been possible only for very light nuclei, such
as 4He [27,28]. Although this is a well-bound s-shell system that
does not have bound excited states, the 8% quenching of the total
E1 strength (inverse-energy-weighted integral of the cross section)
following the inclusion of the NNN force found in Ref. [27] can
serve as a rough estimate of the type of experimental accuracy
needed to differentiate among different terms in a realistic nuclear
Hamiltonian.
In this article, we present two high-precision Coulomb exci-
tation measurements of the B(E1) strength between the bound
320 keV 1/2− state and g.s. in 11Be using projectile energies well
below the Coulomb barrier. The experiments were ﬁelded at TRI-
UMF’s Isotope Separator and Accelerator (ISAC II). The 11Be beams,
with intensities of 1–2 × 106 ions per second, were produced by
the Resonance Ionization Laser Ion Source [29] and then accel-
erated to 1.73 and 2.09 MeV/nucleon using the radio frequency
quadrupole and drift-tube linear accelerators [30]. A 2.92 mg/cm2
platinum target enriched to 94.57% in 196Pt was used to scatter the
11Be beam into the Bambino Silicon detector array, which was de-
signed and built by the LLNL-Rochester collaboration and consisted
of two double-sided segmented 140-μm thick Si detectors. Bam-
bino has been successfully employed in a number of experiments
since 2005, which resulted in four publications [31–34]. Gamma
rays emitted from the excited nucleus and in coincidence with
the charge particles detected by the Bambino array were measured
using 12 segmented high purity germanium (HPGe) clover detec-
tors known as the TRIUMF–ISAC Gamma-Ray Escape Suppressed
Spectrometer (TIGRESS) [35], which surrounded the Si detectors.
Shown in Fig. 1(a) and (b) are the measured γ -ray spectra for the
region of interest at incident energies of 2.09 and 1.73 MeV/nu-
cleon, respectively, in the lab (solid curves) and projectile (dashed
curves) frames. The transitions from the ﬁrst excited state to the
g.s. in both 196Pt and 11Be are labeled. The two Si detectors, which
are each segmented into 32 equal sectors to measure the vertical
angle relative to the ﬂoor (φ) and 24 rings for an angular cover-
age relative to the beam axis (θ ) between [18.6◦ and 47.0◦] and
212 E. Kwan et al. / Physics Letters B 732 (2014) 210–213[133.0◦ and 161.4◦] in the lab frame, allowed for an energy resolu-
tion of 1.4% full-width at half-max for the 320 keV transition in the
Doppler-shift corrected spectra. Gamma-rays events due to scatter-
ing in the room, natural activity, and β decay of 11Be within a 125
ns coincidence gate were subtracted out using events outside the
acceptance window corresponding to random background.
The γ -ray yields were examined at ten angular regions, six at
forward angles and four at backward angles with 1.2–5.1% statis-
tical errors. The γ -ray yields in each region from the 320 keV
transition in 11Be were normalized by a constant, which was de-
termined relative to the total intensities for the 2+ → 0+ transi-
tion in 196Pt. Using the adopted value for the B(E2;2+ → 0+) =
0.274(1) e2b4 [36] for the 356 keV 2+ to the 0+ g.s. transition, the
196Pt yields were calculated using the semi-classical least squares
ﬁtting Coulomb excitation code Gosia [37] and the quantum me-
chanical reaction code FRESCO [38]. Matrix elements for transitions
from the second excited 2+ , ﬁrst two 4+ states, and ﬁrst 6+ state
in 196Pt were included to account for the feeding to the 356 keV
state. The analysis with Gosia was conﬁned to the forward angles,
since the effects of the continuum and the break-up mechanism,
which are not included in the semi-classical approximation, were
found to be negligible in this region for the 320 keV transition
according to a full quantum mechanical calculation using XCDCC.
A second analysis using the XCDCC method was implemented to
include the continuum on the B(E1) strength of the 320 keV
transition in 11Be. The extended wave function for 11Be in the
XCDCC code was calculated assuming a deformed core + coupled-
channels particle cluster model [39] consisting of 10Be plus a neu-
tron. A deformed Woods–Saxon potential was used to describe the
interaction between the 10Be core and the neutron. The potential
parameters were adjusted to ﬁt the binding energies of the ground
and excited states, and to reproduce the B(E1) strengths between
them [14]. The 10Be + neutron continuum was included using the
XCDCC method, with breakup included to s-, p-, and d-waves, and
up to approximately 2 MeV in relative energy between the 10Be
and neutron.
The relative eﬃciency between the 320 keV 11Be transition and
the 356 keV transition in 196Pt for the TIGRESS array with the
HPGe detectors conﬁgured in its closest geometry of r = 11 cm
from the center target is 1.07, which was determined using 60Co,
133Ba, and 152Eu calibration sources. All the γ -ray yields for the
forward scattering angles are corrected by the measured single
events detected by the Si detectors, i.e. the Rutherford cross sec-
tion. The systematic uncertainties in the normalization of the Be
yields for both codes at each projectile energy were determined
by varying the uncertainty of the 2+ → 0+ transition in the 196Pt
data until a reduced χ2 ≈ 1 was achieved. This resulted in system-
atic uncertainties of 5.3% and 7.5% at 1.73 and 2.09 MeV/nucleon,
respectively, for the normalization using Gosia and 11% and 18%
with XCDCC. The latter has bigger uncertainties because the data
from the backward scattering angles are included.
The expected yields at each angular region were then calcu-
lated using Gosia and XCDCC for 11Be iteratively using various
B(E1) strengths and were compared to the measured yields to
determine the summed χ2 distributions at both projectile ener-
gies. The adopted B(E1) values from the current work obtained
from each code and their uncertainties were determined through
the χ2 distribution in accordance to Ref. [40]. In the analysis with
Gosia, a B(E1;1/2− → 1/2+) = 0.102(2) e2 fm2 was deduced for
the 320 keV transition to the g.s. This value is consistent with the
previous results from Coulomb excitation at intermediate energies,
but is about 14% lower than the DSAM value reported in Ref. [9].
In the analysis using the XCDCC code, a B(E1;1/2− → 1/2+) =
0.098(4) e2 fm2 was determined, which is consistent with the val-
ues deduced using Gosia and the previous results of CoulombFig. 2. Comparison of the calculated yields from a) XCDCC with B(E1) =
0.098 e2 fm2 and b) Gosia with B(E1) = 0.102 e2 fm2 to the experimental values.
The dashed lines represent the calculated yields from varying the B(E1) values by
one standard deviation: 4% in XCDCC and 2% in Gosia.
Fig. 3. Comparison of the calculated yields from XCDCC with B(E1) = 0.098 e2 fm2
at a) 1.73 MeV/nucleon and b) 2.09 MeV/nucleon to the experimental values in the
backward angles. The dashed lines represent the calculated yields from varying the
B(E1) values by one standard deviation of 4%.
excitation at intermediate energies [14]. Shown in Fig. 2 is a com-
parison of the measured γ yields at 1.73 and 2.09 MeV/nucle-
ons with the calculated yields from Gosia (panel b) and XCDCC
(panel a) using our derived B(E1) values from each code. The
dashed lines represent the expected yields from varying the B(E1)
strength by one standard deviation. A similar comparison of the
measured yields and the calculated ones from XCDCC for the back-
ward angles is plotted in Fig. 3.
The B(E1) strength to the continuum was also calculated using
the XCDCC code with the same potentials as those used to gen-
erate the wave functions for a given B(E1) strength between the
bound states. An integrated strength of 0.95(3) e2 fm2 to the con-
tinuum up to 4 MeV was estimated based on this B(E1) strength
between the bound states and is consistent with those reported
in Refs. [18,19]. Variations for the coupling strength to the con-
tinuum in 11Be indicated negligible effect on the calculated yields
E. Kwan et al. / Physics Letters B 732 (2014) 210–213 213for the 320 keV transition suggesting that the 11Be strength to the
continuum is insensitive to the current analytical approach.
In summary, a precision measurement of the E1 strength be-
tween the bound states in the one-neutron halo nucleus, 11Be,
was carried out using the Coulomb excitation technique. The
B(E1;1/2− → 1/2+) = 0.102(2) and 0.098(4) e2 fm2 values ob-
tained for the transition between the bound states was deter-
mined using a semi-classical approach and a quantum mechani-
cal reaction theory, respectively, reducing the previous uncertainty
of ∼ 10%. The current measured values are consistent with the
weighted average of the earlier measurements using the interme-
diate Coulomb excitation technique with a model-dependent anal-
ysis but with accuracies of 2% and 4%. The uncertainty has been
improved signiﬁcantly in the current measurement and will help
optimize the parameter selection for different terms in the realis-
tic nucleon–nucleon and three-nucleon interactions.
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